ABSTRACT Background: Dietary factors have been hypothesized to affect the risk of esophageal cancer via different mechanisms, but the intake of minerals is understudied and the evidence is conflicting. Objective: The objective was to evaluate the associations of dietary intake of minerals with risk of esophageal squamous cell carcinoma (ESCC). Design: We used data from the Golestan Cohort Study, which was launched in a high-risk region for esophageal cancer in Iran. Participants were enrolled in 2004-2008 and were followed to 2014. Intakes of minerals were assessed with a validated food-frequency questionnaire. A Cox proportional hazards model was used to estimate HRs and 95% CIs of ESCC for dietary intakes of selected minerals. Results: We identified 201 ESCC cases among 47,405 subjects. Calcium intake was significantly inversely associated with the risk of ESCC (HR per 100-mg/d increase: 0.88; 95% CI: 0.81, 0.96; P = 0.005; quartile 4 vs. quartile 1 HR: 0.49; 95% CI: 0.29, 0.82; Ptrend = 0.013). Zinc intake was also inversely associated with ESCC, but the quartile association did not reach significance (HR per 1-mg/d increase: 0.87; 95% CI: 0.77, 0.98; P = 0.027; quartile 4 vs. quartile 1 HR: 0.56; 95% CI: 0.28, 1.12; P-trend = 0.097). The relations between dietary intakes of selenium, magnesium, and copper and risk of ESCC were nonlinear (P-nonlinear trend = 0.001, 0.016, and 0.029, respectively). There was no relation between dietary intake of manganese and the risk of ESCC. Conclusion: The results suggest that higher intakes of calcium and zinc are associated with a lower risk of ESCC in a high-risk region of Iran.
INTRODUCTION
Esophageal cancer (EC) 12 is the eighth most common cause of cancer and the sixth most common cause of cancer death in the world (1) . EC still has a 5-y survival of ,20% in the United States (1, 2) and 3.3% in Iran (3) . Northeastern Iran is one of the highincidence areas for EC in the world, and the rate of EC has been reported to be .100 per 100,000 population/y, whereas in the lowincidence areas of the world, the incidence rate decreased to ,10 per 100,000/y (4). More than 90% of EC cases diagnosed in northeastern Iran represent esophageal squamous cell carcinoma (ESCC) (4) , which is also the most prevalent type of EC in the world (5) .
Opium use, hot drinks, tobacco smoking, low socioeconomic status, polycyclic aromatic hydrocarbons, and nutritional deficiency are possible etiologic factors. Among nutritional factors, low intakes of fruit and vegetables have been associated with higher risk of this cancer (6, 7) . When specific minerals were investigated, the protective effects of zinc and selenium against EC were in animal studies (8, 9) . However, there are few studies on the relation of mineral intakes and ESCC in humans. A casecontrol study in Iran identified that low intakes of calcium, zinc, and selenium are associated with increased risk of EC (10) . On the other hand, a null effect of zinc and calcium was reported in a case-control study in the United States (11) . Calcium has been associated with a decreased risk of ESCC in men in a cohort study in the United States (12) . Despite poor survival rates and a relatively high incidence in certain regions of the world, the impacts of mineral intake on the etiology of ESCC are unknown.
The primary aim of this study was therefore to evaluate the association between calcium, zinc, and selenium and the risk of ESCC in a cohort study in northeastern Iran. We also investigated the intakes of other minerals (magnesium, copper, and manganese), because they were suspected ESCC risk factors in previous studies (13) (14) (15) .
METHODS

Study population
The Golestan Cohort Study was performed in the eastern portion of the Caspian Sea littoral in northeastern Iran to investigate the causes of ESCC. Details of the study methods were published previously (16) . In brief, w50,000 healthy persons aged 40-75 y were recruited in [2004] [2005] [2006] [2007] [2008] . For this analysis, participants who had extreme daily energy intake (n = 796), defined as .99th percentile or less than the first percentile, or had $30 missing responses on the food-frequency questionnaire (FFQ; n = 933) and participants with other cancer (except for nonmelanoma skin cancer) diagnosed at baseline or during follow-up (n = 966) were excluded (17) .
An ESCC risk factor questionnaire, an FFQ, and written informed consent were completed at baseline. Physical activity at work was used to calculate a physical activity score, because this included most of the physical activities that individuals performed (18) . Multiple correspondence analysis was used to calculate a wealth score on the basis of household appliances, vehicles, and other variables associated with wealth (19) . Marital status was categorized as single or married. Divorced or widowed individuals were uncommon, so they were considered in a single category. Height and weight were measured before FFQ completion. The study protocol was approved by the ethical review committee of the Digestive Diseases Research Institute.
Dietary intake
To assess dietary intake, we used a 116-item semiquantitative FFQ at baseline. The FFQ consisted of a list of foods with standard serving sizes, and participants were asked to report their frequency of consumption of each food item during the previous year on a daily, weekly, or monthly basis. For standardization purposes, portion sizes were converted from household measurements to grams. Nutrient intakes were calculated by multiplying the frequency of each food item by the nutrient content of each food (20) . The FFQ was previously found to be valid and reliable in this population (21) . Mineral intakes were adjusted for energy intake by using 2 methods: the residual approach and the multivariate nutrient density model (22) . Because supplement use is not common in this region, only minerals from food sources were reported.
Ascertainment of endpoints
ESCC was the endpoint in our analyses. All participants were contacted by telephone once every year. Case review questionnaires were completed during each phone call, and any occurrence of disease or hospital admissions that occurred since the previous follow-up contact were recorded. After a report of cancer or upper gastrointestinal endoscopy, a team visited the subject's home and the medical centers in which any major diagnostic was performed. The team collected all clinical reports, pathology reports, and hospital records and any tumor samples that were available. Reports of upper gastrointestinal cancer were reviewed and verified by an Endpoint Review Committee composed of experts from the Digestive Diseases Research Institute of Tehran University. Any reported death was followed by a physician visit, and death certificates were evaluated and recorded. During the period of analysis, only 369 participants were lost to follow-up. For this study, person-years were calculated as the time from the completion of the FFQ to one of the following events: 1) ESCC diagnosis, 2) emigration from Golestan, 3) death, or 4) the end of follow-up for this analysis (1 January 2014).
Statistical analysis
HRs and 95% CIs were estimated by using Cox proportional hazards regression models. The proportional hazards assumption was verified by using Aalen plots and the Schoenfeld residuals test. Age was used as the underlying time metric. All suspected confounders were investigated, including age, sex, place of residence (urban or rural), smoking, wealth score, ethnicity (non-Turkmen or Turkmen), opiate use (never or ever), BMI, education (illiterate or formal education), marital status, physical activity score, and daily intake of fruit, vegetables, and calories. Because only a few individuals reported drinking alcohol, the model was not adjusted for alcohol drinking. Primary studies have shown that alcohol is not a risk factor in this region (23) .
Multivariate HRs were reported within quartiles, with the lowest quartile being used as the reference category. For linear trend tests, the median value of each quartile was used. Linear continuous change in intake of minerals was also evaluated. HRs for the continuous scale were reported for each 100-mg/d increase in calcium and magnesium intake, each 1-mg/d increase in zinc and manganese intake, each 0.1-mg/d increase in copper intake, and each 100-mg/d increase in selenium intake (according to the range of intakes of each mineral in the population). In addition, we used restricted cubic spline (RCS) functions to plot and test the association of each mineral and ESCC risk. In the RCS functions, we used 5 knots and set the median of the first quartile of intake as the reference point for each mineral. Overall and nonlinear associations were tested by using 4 and 3 df tests, respectively (24) .
We conducted a lag analysis by excluding the first 2 y of follow-up. We also conducted stratified analyses by age, sex, BMI, ethnicity, and residence area. We conducted further analyses to adjust for dietary factors that may affect mineral bioavailability: intakes of dietary fiber, calcium, selenium, zinc, iron, copper, histidine, and saturated fat. Statistical analyses were carried out by using STATA software (version 12; StataCorp). Reported P values are 2-sided.
RESULTS
In total, 47,405 subjects were analyzed (19,969 men and 27,436 women). The mean 6 SD age of the participants at enrollment was 51.9 6 8.8 y. During a median follow-up time of 7.2 y (IQR: 6.4-8 y), 201 ESCC cases were diagnosed.
Baseline characteristics are shown according to quartile of calcium intake ( Table 1) . Compared with individuals in the lowest quartile, participants in the highest quartile of calcium intake were more likely to consume more total calories but were otherwise similar in baseline characteristics (Table 1) . Calcium was the only mineral with a median intake below the US Recommended Dietary Allowance in all quartiles (,1000-1200 mg/d).
Dietary calcium intake was inversely associated with ESCC risk in the continuous and quartile models (Tables 2 and 3) . Further adjustment for intakes of dietary fiber, selenium, zinc, and saturated fat did not significantly change the HRs (data not shown).
An inverse association was also observed for zinc intake and ESCC risk. On the linear continuous scale, the association was significantly inverse (Table 3) , but in the quartile model the HR for quartile 4 vs. quartile 1 intake and the P value for linear trend were not significant (Table 2 ). However, the magnitude of the HR was similar in quartile 3 vs. quartile 1, which shows the protective effect of zinc. The inclusion of factors in the model that may affect zinc bioavailability, such as fiber, iron, copper, and histidine, did not affect HRs (data not shown).
No associations were found in the continuous and quartile models between intakes of other minerals and risk of ESCC (Tables 2 and 3 ). However, the RCS models showed that there were significant overall and nonlinear associations between intakes of selenium, magnesium, and copper and ESCC risk. The RCS plots show that the associations between selenium and magnesium were U-shaped (Figure 1) .
The exclusion of cancers diagnosed in the first 2 y of follow-up (n = 55) did not affect our results (Supplemental Table 1 ). On stratification by age, sex, BMI, ethnicity, and residence area, we did not find any consistent modifications of our findings. The use of the residual method for adjusting intakes of minerals for energy did not change the results obtained by using the multivariate nutrient density model.
DISCUSSION
In this study, we found a significant inverse association between calcium and zinc intake and risk of ESCC, and U-shaped associations were also suggested for selenium and magnesium intakes and the risk of developing ESCC. No previous studies have suggested these U-shaped associations between mineral intake and risk of ESCC.
Calcium
We found a significant linear inverse association between calcium intake and risk of ESCC, which is consistent with 2 casecontrol studies in Iran and Germany (10, 13) . However, some studies reported no association (11, 25, 26) .Our finding is in agreement with 2 other prospective studies, which suggested a protective effect of calcium against ESCC (RR: 0.67; 95% CI: 0.38, 1.17) (27) and esophageal adenocarcinomas (EACs) in men (quintile 5 vs. quintile 1 HR: 0.66; 95% CI: 0.49, 0.90) (12) .
A second analysis from the second study showed that the use of calcium supplements was associated with a higher risk of EAC (HR: 1.27; 95% CI: 1.06, 1.52), but not of ESCC (HR: 0.92; 95% CI: 0.67, 1.25) (28) . This association may have been confounded by higher calcium intakes in the form of antacids to treat gastroesophageal reflux symptoms.
Dairy foods, as a main source of calcium in our population, are not fortified with vitamin D in Iran, so these calcium intakes are not correlated with vitamin D status, which is an important concern in other studies examining the effect of calcium intake sources (12) . Our findings are also consistent with previous animal and in vitro studies. In 1 study in mice, a calciumenriched diet inhibited tumor formation, and the authors also showed that calcium inhibited cell growth, invasion, and migration in a human colon cancer cell culture system (29) . Calcium may suppress the cell cycle, promote apoptosis, and reduce the formation of tumors (30, 31) . 
Zinc
We also found an inverse association between zinc intake and risk of ESCC, which is in agreement with previous case-control studies in Iran and China (10, 25) , although Mayne et al. (11) reported no association in the United States. The other 2 prospective studies reported that zinc intake (17) and zinc concentrations in esophageal tissue biopsies were inversely associated with risk of EC (quintile 5 vs. quintile 1 HR: 0.21; 95% CI: 0.065, 0.68) (32) , which is in agreement with the findings of our study. A recent systematic review found that the evidence is not still strong enough to conclude a protective role of zinc in EC (33) . However, there is biological plausibility for this inverse association. Zinc is necessary for proper immune function and for transcription factors that control cell proliferation (34), apoptosis, and signaling pathways (35) .
Selenium
We found a suggestion of a U-shaped association between intake of selenium and risk of ESCC. Two case-control studies in Iran and China reported that a low intake of selenium is related to increased risk of EC (10, 25) ; however, the results from prospective studies in Finland and China, which investigated plasma selenium, were inconsistent (36, 37) . In a trial in the same cohort in China, ESCC deaths were not significantly different between those who did and did not receive a combination of selenium, vitamin E, and b-carotene (38). It could be concluded that different intake profiles may contribute to the discrepancies in the results of different studies. For example, a linear protective association was reported between selenium intake and ESCC risk in a study in a population with selenium deficiency (25) , which is consistent with our findings in the descending part of the U-shaped curve. Furthermore, in Ireland, which has sufficient selenium intake, this mineral was not related to EAC, which is in agreement with our results (39) . An ecologic case-control study showed that selenium deficiency is not common and is thus not a major risk factor for ESCC in northeastern Iran (40) , which was confirmed by our results. We hypothesize that the risk of cancer may increase in a population with excessive intakes of selenium (the ascending part of the curve). And a recent ecologic study in Golestan Province showed that the selenium concentration of drinking water increased in villages with a gradient from low to high risk of EC (41) . This U-shaped dose-response relation was also suggested in animal studies. In dogs, selenium reduced DNA damage in prostate tissue, but excessive intake of selenium may cause oxidative damage and increase DNA damage (42) (43) (44) .
Magnesium, copper, and manganese
We found a suggestion of U-shaped associations between the intake of magnesium and risk of ESCC. There are conflicting data on the role of magnesium in the development of EC in casecontrol studies (13, 45) . We could not find any previous prospective study that evaluated the relation between the intake of magnesium and risk of ESCC.
For copper, although there was a nonlinear association with ESCC risk, no clear trend of intake in relation to ESCC was found. Case-control studies showed inconsistent results (14, 46) . In a cohort study in China, copper in tissue sections of the esophagus was inversely but not significantly associated with risk of ESCC (32) . We hypothesize that the association between copper intake and ESCC risk depends on the overall copper intake in that population.
This study is unique in its evaluation of the possible association between manganese intake and risk of ESCC. We found no association between manganese intake and ESCC; however, the importance of this mineral in the risk of ESCC will require further study. In this study, calcium was the only mineral with a median intake less than the US Recommended Dietary Allowance in all quartiles. The stronger inverse association between calcium and ESCC than between the other minerals and ESCC might be related to the overall low calcium intake in our population.
General poor nutrition, such as low intakes of some food items, may contribute to the susceptibility to ESCC risk, rather than intakes of a specific nutrient. The earliest studies also concluded that the increased susceptibility in this region could be due to poor nutritional status, with low intakes of fruit and vegetables (47) .
A major advantage of the current study is its prospective design. In addition, maximum insight into the diet and disease associations can be achieved by examining the data with several methods of energy adjustment. We used 2 methods for energy adjustment in this study, because the residual approach generally has more power to detect associations when the exposure variable is categorized (22) . This study also has some limitations. The moderate sample size or short follow-up period may have precluded the detection of a main effect with other minerals. Because there were correlations between intakes of minerals, the associations we found may be due to residual confounding by other nutritional and nonnutritional factors. The use of an FFQ is a suboptimal method of assessing nutrient intakes (48) . In addition, we used a single baseline FFQ for assessing dietary intake and repeated measures may have more accurately estimated intake.
In conclusion, we found that increased calcium and zinc intake was associated with a lower risk of ESCC. The relation between the dietary intake of selenium and magnesium and risk of ESCC was nonlinear, and probably U-shaped.
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